Space Very Long Baseline Interferometry (VLBI) has unique applications in high-resolution imaging of fine structure of astronomical objects and high-precision astrometry, owing to the key long space-Earth or space-space baselines beyond the Earth's diameter. China has been actively involved in the development of space VLBI in recent years. This paper briefly summarizes China's research progress in space VLBI and the development plan in future.
Background
Very Long Baseline Interferometry (VLBI) is a modern observational technique combining geographically distributed radio telescopes to form an observation network, enabling the highest angular resolution. The imaging resolution provided by VLBI is inversely proportional to the maximum baseline (the separation between two telescopes in the network) length, and is proportional to the observing wavelength. VLBI technique allows astronomers to observe the fine structure of compact celestial objects and acquire high-precision astrometry with mas resolutions. Routinely operational VLBI networks, such as the European VLBI Network (EVN), the Very Long Baseline Array (VLBA) of the US and East Asia VLBI Network (EAVN), have a maximum baseline of ∼5000-10000 kilometers, and yield high resolutions of 0.08-0.5 mas ], 100-600 times higher than the Hubble space telescope. However this is still not sufficient for some extremely compact unresolved objects. For example, imaging the black hole shadow of Sgr A*, the supermassive black hole (SMBH) in the heart of the Milky Way, requires a resolution of about 0.02 mas, on scales comparable to the event horizon of the SMBH [Goddi, et al.(2017) ].
Conventionally there are two ways to increase the imaging resolution: observing at highest possible frequency, and increasing the VLBI baseline length. The former led to the development of the Event Horizon Telescope [Doeleman(2017) ] directly observing the immediate environment of Sgr A* and M87 SMBHs at 230 GHz. The baseline lengths of ground-based VLBI networks are constrained by the size of the Earth; in order to acquire larger baseline length, astronomers managed to send the radio telescopes into space to comprise space-Earth VLBI network, i.e., space VLBI.
In spite of technique difficulties and huge associated costs, space VLBI not only offers the highest resolution, but also opens new observation windows in the electromagnetic spectrum entailed by the advantage of the space environment without atmosphere influence. The sub-millimeter (submm) wavelength and infrared (IR) observations on the Earth are strongly constrained by the broad-band absorption of the molecules in the atmosphere. Moreover, the turbulence in the atmosphere results in fast fluctuations of the visibility phase, significantly reducing the coherence time of mm-and submm wavelength interferometer, and thus decreasing the fringe detection sensitivity of VLBI. These factors motivate the development of space VLBI at short wavelengths, focusing on imaging the central SMBH shadow and studying planet formation. On the other hand, observations on the ground below 10 MHz are strongly affected by absorption from the ionosphere, rendering this low frequency band to be the last unexplored spectrum window. Even below 30 MHz, the turbulent ionosphere and the terrestrial radio frequency interference (RFI) signals severely affect the observational data received by the ground telescopes. As these low frequency observations are crucial to understand the origin of the Universe, the only solution to enable novel scientific discoveries is to deploy the low-frequency radio telescopes or interferometers in space.
2 Space cm-and mm-wavelength VLBI array Space VLBI was first proposed in 1970s (see recent reviews in : [Gurvits(2018) , ]). To date there have been two space VLBI missions for astronomy applications working mainly at centimeter (cm) wavelengths, the VLBI Space Observatory Programme (VSOP) led by Japan [Hirabayashi et al.(1998) ] and RadioAstron led by Russia [Kardashev et al.(2013) ]. VSOP, with a 8-meter space telescope, was onboard HALCA satellite launched in 1997, and worked for six years. The telescope was in an elliptical orbit with an apogee height of 21,400 km, resulting in a maximum baseline about four times that of the VLBA, producing science results on active galactic nuclei (AGNs) and hydroxyl masers. Moreover key technologies associated with space VLBI were tested. Fourteen years later, the RadioAstron with a 10-m telescope was launched in 2011 at a large elliptical orbit with an apogee height of 350,000 km. RadioAstron created a milestone with a record highest resolution of 8 µas [Baan et al.(2018) , Kobalev et al.(2019) ], enabling to resolve the emission zone where the jet is launched, collimated and accelerated (e.g., [Giovannini, et al.(2018)] ).
Chinese astronomers have made rapid strides towards realizing the cm-and mm-wavelength space VLBI missions, following the success of VSOP and RadioAstron. Shanghai Astronomical Observatory of the Chinese Academy of Sciences (CAS) started a concept study of space VLBI in early 2000s. The concept was gradually evolved into a mission proposal for the space mm-wavelength VLBI array (SMVA: [Hong et al.(2014)] ). In the roadmap of SMVA, the proposed mission is planned into three stages, each with a differing science focus based on expected implemention: (1) in 2015-2020, long mm-wavelength space VLBI including two 10-m space telescopes working at the highest 43 GHz frequency. These two telescopes will observe together with ground telescopes, achieving a highest resolution of 20 micro-arcsecond (µas). The main driving objective is to better understand the AGN jet physics and the emission structure around SMBHs; (2) in 2021-2025, short mm-wavelength (86 GHz) space VLBI, involving three 12-m space telescopes. These could be operated in independently to form an exclusive space-only VLBI network; the atmosphere-free environment in space allows for a long integration time, while the shortcoming is the limited sensitivity of the 12 m space telescope compared to the large ground telescopes and poor (u, v) coverage of only three elements. The telescopes can also be coordinated with the ground-based mm-wanvelength telescopes to enhance the image quality by improving the (u, v) coverage. A key science case is to explore the gas dynamics in the very vicinity of the event horizon of SMBHs. (3) after 2030s, sub-mm space VLBI array, consisting of three to four 12-m telescopes working at frequencies up to 230 GHz, with an ambitious goal to observe the formation of exoplanets in proto-stellar disks.
Prototype studies towards the first stage of the SMVA have bagun owing to the CAS grants supporting scientific pre-research and technical feasibility of the mission. A main achievement is the completion of a 10-m space antenna prototype. The laboratory tests show that its surface accuracy matches the 43-GHz observation requirement. More additional technical challenges related to the payloads need to be solved, including the cryogenic system of the receivers, highly stable time/frequency standard, high-rate data transfer to ground stations, and high-accuracy pointing performance of the space antenna, before the SMVA moves to the engineering phase.
Space decameter to decimeter VLBI observatory
In addition to a space VLBI strategy toward high frequency observatories such as the SMVA [Hong et al.(2014)] and Millimetron [Kardashev(2017) ], another unique direction of space VLBI is going to the low frequency (long wavelength) but with higher sensitivity achieved by large diameter space antennas. There are many unique science cases exclusively associated with long-wavelength space VLBI. In fact, the long (decameter to decimeter) wavelength space VLBI faces less technical difficulties in payloads compared to submm wavelength space VLBI, and can gain more support from the large (100 meter level) telescopes on the Earth. Such long wavelength observations are severely affected by absorption and refraction of the ionosphere, and strong man-made RFIs in ground-based telescopes (e.g., [Davies(1997)] ). These limiting factors are eliminated in space.
A remarkable advance is demonstrated in the latest Chinese Chang'E-4 mission, which comprises three ultra-long-wavelength (ULW, <30 MHz) instruments [Jia et al.(2018) ]. The first is a micro-satellite (named as 'Longjiang-2', led by Harbin Institute of Technology of China) installed with a ULW dipole antenna, launched in 2018 May. This satellite, planned to orbit the Moon, performs the radio observation by utilizing the RFI-clean environment at the far side of the Moon. The second ULW telescope is the collaborative Netherlands-China Low-Frequency Explorer (NCLE), and is deployed on the relay satellite (named Queqiao) of the Chang'E-4. It will perform first ULW space-ground VLBI experiments along with the ground-based LOw Frequency ARray (LOFAR: [van Haarlem et al.(2013)] ). The third, led by Chinese astronomers, is on the Chang'E-4 lander that successfully landed on the far side of the Moon on 2019 January 2. These ULW telescopes will open a new era for radio astronomy, on the basis of radio (including VLBI) observations at and below 30 MHz on and around the Moon. These pioneering missions lay the foundation for the implementation of the future complete scientific projects.
China has continued ongoing investments towards advancing space science in recent years [Wu & Bonnet(2017) ]. Radio astronomy also benefits from these rapid advancements and has gained rare, exciting opportunities in space radio astronomy and especially in space VLBI. Recently Chinese astronomers proposed a low-frequency space VLBI programme (Cosmic Microscope, CM) with dual space telescopes of diameter ≥30 m [An et al.(2019) ]. The two telescopes are in large elliptical orbits with apogee height of 90,000 and 60,000 km, respectively (see sketch map in Figure 1 ). A notable advantage of CM is the observation synergy with giant ground-based telescopes, e.g., Square Kilometre Array phase 1 (SKA1), FAST 500 m, Arecibo 305 m, enabling to image the ultra low frequency radio sky at unprecedented high resolutions (0.4 mas at 1.67 GHz and 20 mas at 30 MHz) and with sub-mJy-level high sensitivity. CM supports flexible observation modes (space-ground VLBI, space-space VLBI, single space telescope) at four frequency bands from 30 to 1670 MHz (18 cm to 10 m wavelengths). These capabilities allow CM to serve broad science applications, including studies of the early Universe and cosmological structure formation, directly resolving SMBH binaries, precise positioning and distance measurement of pulsars and other transients, observation of hydroxyl masers in distant galaxies, and detection of magnetic fields from exoplanets. In the single-dish mode, each telescope can be used to monitor transient bursts and trigger follow-up VLBI observations. At the large distance from the Earth, the telescopes may observe the neutral hydrogen lines originating from the epoch of cosmic dawn, as the RFIs from the Earth become weaker with distance. This will contribute to measuring the total angular power spectrum from the Epoch of Reionization, placing stringent constraints on the cosmological models.
From the luminosity function of radio sources, as the observing frequency increases, the number of observable radio sources decreases sharply; on the contrary, in these low-frequency radio bands, the source count of extragalactic objects substantially increase. Furthermore, the steep-spectrum radio sources become brighter at lower frequency bands (≤1 GHz). Thus the low-frequency space VLBI is expected to contribute greatly to statistical studies of the compact extragalactic radio source populations. Benefiting from the increased sensitivity at and below 1 GHz, the future low-frequency space VLBI would play an irreplaceable role in unravelling the mystery of exotic celestial sources and transients, e.g., fast radio bursts [CHIME/FRB Collaboration et al.(2019) ].
Space VLBI in the future
Past space VLBI and related experimental satellites have been successful in conducting high-resolution astronomical observations, which have led to the accumulation of unique data enabling noval results and have enabled vast strides in observation, data processing and operational experience. The strategy for future development is then rather clear:
• First, to comprise multiple space telescopes to improve the space-ground (u, v) coverage and unique space-space baselines. Previous space VLBI missions include a single space telescope, resulting in the lack of sufficient space-ground baselines and in absence of space-space baselines. The effects are apparent as in the case of RadioAstron. During most of the satellite orbit, the large separation of 28 times Earth diameter between RadioAstron and ground telescopes makes the space-ground baselines form a long narrow distribution in the (u, v) plane. This configuration results in strong sidelobes in the dirty image, which seriously affects the dynamic range of the image and may also induce artifacts. For this reason, new space VLBI proposals including the SMVA and CM, generally consider two or multiple space telescopes to improve the (u, v) coverage, and thus improve the image quality.
• Second, to increase the space-ground baseline sensitivity. The sensitivity on space-ground VLBI baselines limits the previous space VLBI's targets to only strong radio sources. This issue stems from the attitude adjustment systems of their satellites which do not support rapid switching between sources. This remains a key technical bottleneck to date, leading to prevent space telescopes from conducting phase referencing observation, unlike the ground telescopes. In addition, the diameter of space telescopes is 8-10 meter. The best baseline sensitivity between the 10-m space telescope and the largest 100-m ground telescope is equivalent to two 30-m telescopes. In order to detect more weaker sources, one practical way is to enlarge the space telescope size by a factor of 3 or higher. Taking the CM as an example, the sensitivity between the proposed 30-m space telescope and Effelsberg 100-m telescope is 1.7 times higher than ever. Furthermore, considering that the SKA1 will be operational when the CM mission is funded and executed, the baseline sensitivity between the phased-up SKA1 and CM is at least 3 times higher than RadioAstron mission.
• Third, to develop space-only interferometers (including VLBI applications). As mentioned earlier, spacebased VLBI is especially critical for the two spectrum windows that are not observable on the Earth, submillimeter-infrared and ultra low frequency bands. In order to make full use of the advantages of space observation with no or less influence of the Earth's atmosphere, the independently operated VLBI array consisting of a number of space telescopes will be a specific model of space VLBI conceiving unique scientific merits. If these missions can be implemented, they will greatly advance key scientific goals including SMBH imaging, transient studies, early Universe and exoplanet researches. Of course, various technical bottlenecks in space telescope design prevents the antenna size from being very large. This requires a consideration for smarter designs, for example, using splicing technology in space to create a low-frequency telescope of 100 meter or even 500 meter. Several such deployable telescopes or stations can be combined into a mini SKA in space.
• Last but not least, to expand to Moon-based space VLBI. Many studies of space VLBI conventionally include satellites which are either in the Earth orbit or a large elliptical orbit around the Earth. In fact, with the progress of the lunar exploration in the past decade, a Moon-based radio astronomical observatory is also under consideration (e.g., [Boonstra et al.(2016)] ). In the latest Chang'E-4 mission, the lander is equipped with a low-frequency radio telescope, and was landed on the far side of the Moon. It will provide the radio environment data measured on the far side of the Moon for the first time, an important milestone towards Moon-based radio astronomy. The fourth phase of the China's lunar exploration program has been initiated as of early 2019. In around 2023, a relay satellite is planned for launch which will be equipped with an antenna of about 4 meter in diameter. This antenna is responsible for data downlinking, and can also serve as a Moon-orbit VLBI station, working together with the VLBI network on the Earth. The primary objective of this VLBI system is to test and verify the key techniques associated with Moon-based VLBI, including payload design and data processing. Manned landing on the Moon provides an alternative opportunity to deploy astronomical telescopes on the near side of the Moon. In addition, as the far side of the Moon natually shields undesiable RFI signals from the Earth, it is thus opportune for low-frequency radio observations. With the advancement of space antenna technology, the large-scale deployment of lightweight low-frequency antennas on the far side of the Moon is expected to be feasible in next decades, and could eventually constitute a lunar-based SKA. The exploration of the Universe will be pushed to new heights using the pristine observation environment offered by the Moon.
Figure 1:
The sketch map of the space-based dual telescopes of the Cosmic Microscope mission concept. It has been re-constructed from Figure 1 of [An et al.(2019) ]. The two radio telescopes with diameter >30 m are launched into 2,000 km × 90,000 km, and 2,000 km × 60,000 km elliptical orbits. This dual-telescope configuration improves the (u, v) coverage on space-ground baselines, which is great helpful for suppressing the sidelobe and increasing the image quality.
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